Introduction {#s1}
============

Despite the fact that it was discovered in 1987 ([@CIT0019]), the physiological role of the Slow Vacuolar (SV) channel is not yet clear ([@CIT0007]; [@CIT0034]).

The SV current, recorded in all species investigated so far from land ([@CIT0033]) to pond water ([@CIT0027]) and marine plants ([@CIT0013]), is mediated by a voltage-dependent ([@CIT0017]), non-selective cation channel ([@CIT0018]) that is activated by cytoplasmic calcium ([@CIT0019]; [@CIT0035]; [@CIT0040]). [@CIT0030] identified *AtTPC1* as the gene encoding the protein forming the SV channel. AtTPC1 belongs to the family of the so-called two-pore domain channels ([@CIT0020]). Among the variety of factors modulating the SV channel, such as magnesium ([@CIT0029]; [@CIT0015]), sodium ([@CIT0022]; [@CIT0031]), and reducing agents ([@CIT0014]; [@CIT0038], [@CIT0039]), the molecular mechanism of regulation of AtTPC1 by vacuolar calcium was recently elucidated ([@CIT0016]); this was due to the discovery that the point mutation D454N shifted the threshold of activation of TPC1 to more negative voltages with respect to the wild type ([@CIT0007]) and this shift was associated with a reduced sensitivity to vacuolar calcium ([@CIT0005]). Interestingly, *Arabidopsis* plants expressing this modified channel, called *fou2* (*fatty acid oxygenation up-regulated 2*) mutants, present diverse phenotypes such as impaired potassium homeostasis, increased jasmonate levels, and a higher resistance to the pathogen *Botrytis cinerea* ([@CIT0007]). Jasmonates (JA) are plant hormones involved in a variety of processes such as growth, photosynthesis, and plant defence against herbivory ([@CIT0003]). The biosynthesis of JA starts from the polyunsaturated fatty acid (PUFA) α-linolenic acid (ALA, 18:3) that is released from phospholipids by the action of phopholipases A ([@CIT0011]).

Despite the fact that PUFAs are well-known and powerful modulators of several voltage-gated ion channels inhibiting or enhancing the activity of calcium, sodium, and potassium channels ([@CIT0006]), little is known about their effect on ion channels in plant cells. Only one study reported that both arachidonic acid and linolenic acid are modulators of inward and outward ionic currents in the plasma membrane of guard cells ([@CIT0023]).

In this work, the question whether PUFAs influence the activity of ionic currents in plant cells was addressed. The focus was on the major cationic current present in the vacuolar membrane at elevated cytosolic calcium, namely the SV current. First, arachidonic acid (AA) was tested, a widely used PUFA in the animal field, and a strong inhibition of the SV current was found in carrot vacuoles. Then our study was extended to further PUFAs (see [Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1) at *JXB* online for a list of the fatty acids used in this work) and it was found that, among others, the endogenous linolenic, linoleic, and oleic acids, had similar inhibitory action.

The PUFA's structural requirements for inhibition of the SV current were identified by modifying the polar head, and the length and rigidity of the lipophilic acyl chain.

Materials and methods {#s2}
=====================

Vacuole isolation and patch-clamp measurements {#s3}
----------------------------------------------

Vacuoles were isolated from carrot taproot parenchyma tissue or from *Arabidopsis thaliana* mesophyll protoplasts (Col-0 wild type). Details on plant culture, vacuole isolation and patch-clamp recordings are described elsewhere ([@CIT0038], [@CIT0037]). Patch-clamp experiments were performed in excised-patch configuration with the cytosolic side exposed to the bath. Standard bath cytosolic solution was (in mM): 100 KCl, 1 CaCl~2~, 10 HEPES, 1 DTT, pH 7.5 (with TRISs). Standard pipette vacuolar solution contained (in mM): 200 KCl, 10 MES, pH 5.5 (with TRIS). In both solutions D-sorbitol was added up to 600 mOsm. Data from [Figs 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"} were recorded in standard ionic solutions containing 2mM MgCl~2~ in both the bath and pipette.

![Arachidonic acid reversibly inhibits the Slow Vacuolar current in excised patches from carrot root vacuoles. (A) Macroscopic SV currents elicited by a series of voltage steps ranging from --80 to +120 mV in +10 mV steps and recorded from a carrot root vacuole in control conditions, in the presence of arachidonic acid (10 µM AA) and after washout (recovery). For the sake of clarity, only traces from --80 to +100 in +20 mV step were shown. The holding potential was --50 mV. (B, C) Quantitative analysis of SV current inhibition by arachidonic acid. (B) Normalized instantaneous tail currents, *G* ~norm~, plotted as a function of the activating potential for different AA concentrations, 0 (*n*=5 experiments from independent vacuoles), 1 (3), 3 (3), and 10 µM (3). Continuous lines represent the Boltzmann equation: *G* ~norm~=*G* ~max~/(1+exp(--(*V*--*V* ~h~)/*s*)). Data were normalized to 1 in the absence of AA (*G* ~max~(0)=1); the other parameters, obtained by application of a three-state model to both stationary and non-stationary data (see Appendix in the Supplementary data at *JXB* online), were (in parentheses we indicate the concentration of AA in µM): *V* ~h~(0)=47 mV, *G* ~max~(1)=0.77, *V* ~h~(1)=55 mV, *G* ~max~(3)=0.57, *V* ~h~(3)=60 mV, *G* ~max~(10)=0.03, *V* ~h~(10)=70 mV. The slope factor (s) was 23 mV. (C) The inset shows an example of *G* ~norm~ at a test potential of +90 mV plotted as a function of AA concentration. The continuous line represents the fit with a Hill equation, with half inhibition constant *K* ~h~(+90 mV)=2.0±0.2 µM. The Hill coefficient *n*=1.8±0.1 was obtained by a global fit of the data at all voltages. In the main panel, *K* ~h~ values are plotted against the applied membrane voltages. (This figure is available in colour at *JXB* online.)](exbotj_ers272_f0001){#F1}

![Arachidonic acid accelerates both activation and deactivation time course of Slow Vacuolar currents. (A) Macroscopic SV currents recorded at a voltage step of +80 mV in control conditions, in the presence of arachidonic acid (3 µM AA) and after washout (recovery). The holding potential was --50 mV. The insets show that both the activation (bottom inset) and the deactivation time-course (right side inset) are faster in the presence of AA. The time required for half-activation was 74.3ms in the control and 47.9ms in 3 µM AA. The tail voltage was of --40 mV. The deactivating current could be fitted with a single exponential, shown on the right side inset as continuous lines (with a τ of 6.3 and 2.8ms, respectively, in the control and in 3 µM AA). (B) The time required for half-activation of the current (*t* ~half~) is plotted against the applied membrane potential in control (open circles; *n*=5) and in the presence of 1 µM (closed circles; *n*=3) or 3 µM (filled triangles; *n*=3) AA. (C) Time constants of current deactivation, τ, in control (open circles; *n*=5) and in the presence of 1 µM (closed circles; *n*=3) or 3 µM (filled triangles; *n*=3) AA are plotted against the tail potential. (This figure is available in colour at *JXB* online.)](exbotj_ers272_f0002){#F2}

Fatty acids and methyl esters were dissolved at a concentration of 100mM in 99.5% ethanol. They were stored at --20 °C and diluted in control solution at the desired concentration just before use. Preparation and handling of fatty acids and methyl esters were done in glass reservoirs and capillaries to avoid adsorption processes. All chemicals were purchased from Sigma.

A Perspex recording chamber was designed to allow a delicate and fast change of the bath solution (1ml min^--1^; complete exchange of solution in less than 30 s). Ionic solutions containing PUFAs were sucked in glass capillaries (1mm diameter) connected to oil-filled syringes controlled by a stepping motor and the flow was regulated at a rate of 50 µl min^--1^. The capillary was then moved in the recording chamber and the tip of the patch pipette was placed inside the opening. This experimental design assured a good control of the PUFA concentration. For wash out, the glass pipette was removed and the excised patch was washed with fresh solution.

Data analysis {#s4}
-------------

The polarity of current and voltage follow the convention proposed by [@CIT0004]. Positive currents represent positive charge going from the cytosol to the vacuolar lumen.

Normalized conductance was calculated from instantaneous tail currents at the potential of --50 mV. The tail current was fitted with a single exponential function and the value at the beginning of the tail voltage step, corrected for a filter delay of 0.3ms, was extrapolated. The fit was performed about 1ms after the onset of the tail voltage in order to remove the capacitance artefact. For a single vacuole, data in the control were fitted with a Boltzmann equation; then both control and AA data were normalized to the maximum of the Boltzmann in control condition, indicated as *G* ~norm~, and data from different vacuoles were averaged.

The dose--response of AA inhibition at each potential was obtained by plotting the normalized conductance (*G* ~norm~) versus AA concentration. To fit the dependence of the residual current on the AA concentration, the Hill function *G* ~norm~=*G* ~max~/(1+(\[*AA*\]/*K* ~h~)^n^) was used, where \[*AA*\] is the AA concentration, *K* ~h~ and *n* are the Hill half-inhibition constant and the Hill coefficient, respectively.

For non-stationary noise analysis, the mean current and variance were calculated using 50 consecutive sweeps; the time interval between two consecutive sweeps was 2 s and the voltage and duration of the single sweep were --50 mV and 0.1 s, respectively. Every single sweep was preceded by a voltage pulse of +80 mV lasting 0.5 s. The holding voltage was --50 mV. To partially eliminate linear drifts usually present in patch-clamp recordings, the variance was calculated using the difference of all pairs of consecutive sweeps, as suggested by [@CIT0021].

Data are presented as mean ±standard error, with *n* indicating the number of experiments. Statistical signiﬁcance was determined using unpaired *t* tests, or ANOVA. Unless otherwise stated, the statistically signiﬁcant difference was determined with ANOVA and a Tukey *post hoc* test was done to evaluate which data groups showed signiﬁcant differences. *P* values \<0.05 were considered signiﬁcant, \<0.01 highly significant.

Data analysis, figures and simulations were made with Igor software (Wavemetrics, Lake Oswego, OR, USA).

Results {#s5}
=======

Arachidonic acid reversibly inhibits the Slow Vacuolar current in carrot root vacuoles {#s6}
--------------------------------------------------------------------------------------

Macroscopic Slow Vacuolar (SV) currents were recorded in excised cytosolic side-out patches from vacuoles isolated from carrot roots. The outward rectifying currents were elicited by a series of voltage steps ranging from --80 to +120 mV in +10 mV steps, from a holding potential of --50 mV. Currents were inhibited by 10 µM AA, as shown in [Fig. 1A](#F1){ref-type="fig"}. The inhibition was fully reversible and concentration-dependent. [Figure 1B](#F1){ref-type="fig"} shows the normalized conductances with respect to the maximum measured in control conditions, *G* ~norm~ (see also the Materials and methods), obtained from instantaneous tail currents and plotted as a function of the activating potential for different AA concentrations (1, 3, and 10 µM). Experimental data are well-described by a Boltzmann function (continuous lines) with parameters obtained from a simple three-state model (see below and the Appendix in the Supplementary data at *JXB* online): AA decreased the maximum value of the normalized conductance and shifted the half-activation voltage to more positive values. The dose dependence of AA inhibition of the SV current was analysed at different potentials by plotting *G* ~norm~ as a function of AA concentration. The inset in [Fig. 1C](#F1){ref-type="fig"} shows a plot of *G* ~norm~ versus the AA concentration at +90 mV and fitted with a Hill equation (continuous line). *K* ~h~ values, derived as for the example potential in the inset, were plotted versus the applied membrane voltage in the main panel of [Fig. 1C](#F1){ref-type="fig"}. The Hill coefficient *n*=1.8±0.1, obtained by a global fit of the data at all voltages, indicated that more than one fatty acid molecule interacted with the channel. *K* ~h~ did not show any pronounced voltage dependence.

AA also affects the SV channel kinetics. Indeed, both activation and deactivation time courses were accelerated as shown on an expanded time-scale in the insets of [Fig. 2A](#F2){ref-type="fig"}. To quantify the effect of AA on the activation kinetics, the time required for half activation (*t* ~half~) versus the applied membrane voltage in control conditions and 1 µM and 3 µM AA was plotted, as shown in [Fig. 2B](#F2){ref-type="fig"}. The deactivation of the SV current could be fitted with a single exponential function and the resulting time constant, τ, is shown in [Fig. 2C](#F2){ref-type="fig"} (continuous lines in the upper right inset of [Fig. 2A](#F2){ref-type="fig"} represent the exponential fit of the tail current). This analysis showed that the effect of AA on deactivation is more pronounced than on activation kinetics.

Arachidonic acid does not affect single channel properties but decreases the maximum open probability {#s7}
-----------------------------------------------------------------------------------------------------

The analysis of macroscopic currents showed a marked decrease of maximum normalized conductance, *G* ~norm~, upon AA application, which may depend on a modification of channel conductance, number of channels, and maximal open probability or on a combination of these three factors.

It was first checked whether AA modified the SV single channel conductance. Single channels events could be measured during the deactivation of the macroscopic current at a tail potential of --50 mV, as shown in [Fig. 3A](#F3){ref-type="fig"}. Current step amplitude was not modified by the presence of 3 µM AA, while the duration of single events was much shorter, consistent with the faster deactivation time course reported in [Fig. 2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}.

![Arachidonic acid does not change single channel conductance of Slow Vacuolar current in carrot roots but affects its maximum open probability. (A) Single channel events obtained during deactivation at a tail voltage of --50 mV in control conditions (black trace) and in 3 µM AA (grey trace). (B) Single channel current--voltage relationships obtained after the application of a fast voltage-ramp in control conditions (black trace) and in 3 µM AA (grey trace). No change in single channel conductance was apparent. The slope conductances at negative and positive voltages were 160±12 pS and 54±7 pS, respectively. (C) Non stationary noise analysis for the same patch in control (empty circles) and in presence of 3 µM AA (filled circles) at the potential of --50 mV. Variance is plotted against the mean current and the solid curve is the fit to the control data with a parabolic function (see text and Materials and methods). Data in the presence of AA are not significantly displaced from control data, excluding an effect of AA on single channel conductance and a reduction in the total number of channels.](exbotj_ers272_f0003){#F3}

Single channel current--voltage relationships were obtained from the application of a fast voltage-ramp (3V s^--1^) during the deactivation process ([@CIT0032]; [@CIT0038]). If the ramp is sufficiently fast, it is possible to span the entire current--voltage characteristic of one single channel from --50 mV up to +100 mV before more events superimpose. The protocol was repeated several times and baseline traces without channel openings were subtracted from traces containing a single opening. Single channel current--voltage relationships obtained with this procedure are shown in [Fig. 3B](#F3){ref-type="fig"} and strongly suggest that the single channel conductance does not change in the presence of AA in the whole range of investigated voltages.

The smaller single channel conductance at positive voltages with respect to negative voltages is due to the working conditions, i.e. low cytosolic (100mM) and high vacuolar (200mM) potassium concentrations, together with the presence of high cytosolic calcium (1mM), which, competing with potassium, can reduce the single channel current at positive voltages. The arrow in [Fig. 3B](#F3){ref-type="fig"} indicates the Nernst equilibrium voltage of potassium (15.9 mV), which is in agreement with a high selectivity of K^+^ through SV channels in these experimental conditions (for a detailed discussion of calcium/potassium selectivity/permeability see [@CIT0001]; [@CIT0018]). Since the single channel conductance was not affected by AA, the significant reduction of *G* ~max~ shown in [Fig. 1B](#F1){ref-type="fig"} could be due to a decrease in the total number of channels (*N*) present in the patch and/or a decrease in maximum open probability (*P* ~Omax~). To discriminate between these two possibilities non-stationary noise analysis was performed. The variance of the current was calculated ([@CIT0021]; see also Materials and methods) and it was plotted against the mean of the deactivating current at --50 mV for the same patch in the control and in the presence of 3 µM AA as shown in [Fig. 3C](#F3){ref-type="fig"}. The solid curve in [Fig. 3C](#F3){ref-type="fig"} is the fit of the control data using the parabolic function σ^2^=*iI*--*I* ^2^/*N*, where σ^2^ is the variance, *i* the single channel current at --50 mV, *I* the mean current, and *N* the total number of channels, yielding *N*=42 channels and *i*=12 pA in the control (empty circles). Data in the presence of AA (filled circles) are not significantly displaced from control data, excluding a reduction of *N* due to AA action and pointing to a decrease in maximum open probability. Data points at low current amplitudes, corresponding to low open probabilities, can be fitted with a line whose slope is the single channels current, *i*; the overlap between data points in control and 3 µM AA confirms that the single channel current is not affected by AA, as already shown in [Fig. 3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}.

Modulation of Slow Vacuolar current depends on PUFAs structural properties {#s8}
--------------------------------------------------------------------------

From a chemical point of view, PUFAs are formed by a hydrophobic fatty acyl tail and a carboxylic polar head which are both important for the modulation of ionic channels ([@CIT0010]). The effects of the length of the acyl tails on the PUFA inhibition of the SV current was investigated. Twenty-two and 18 carbon long PUFAs were used as well as docosahexaenoic acid (DHA) and alfa-linolenic acid (ALA) that have a longer and a shorter tail lengths compared with AA (20 carbons).

[Figure 4A](#F4){ref-type="fig"} shows the reversible inhibition of the SV currents induced by 3 µM and 10 µM DHA and ALA compared with AA. DHA and AA had a similar efficacy, while ALA was less efficient in inhibiting the SV current both at 3 µM and 10 µM (*P* \<0.01), as summarized in the histogram in [Fig. 4B](#F4){ref-type="fig"}. As observed for AA, DHA and ALA also modify the current kinetics in a similar manner, as shown in [Table 1](#T1){ref-type="table"}. The effect of PUFAs on isolated vacuoles of mesophyll cells from the model plant *Arabidopsis thaliana* was also tested. At +80 mV, *I* ~PUFA~/*I* ~control~ was 0.64±0.07 for 10 µM ALA (four repetitions in two different vacuoles) and 0.40±0.05 for 10 µM AA (six different vacuoles), with AA significantly more effective than ALA (unpaired *t* test, *P* \<0.05). These data demontrate that PUFAs are also strong inhibitors of the *Arabidopsis* TPC1 channel (see alsoTable 1).

![Modulation of Slow Vacuolar current by different PUFAs. (A) Macroscopic SV currents recorded at a voltage step of +80 mV in control conditions and after washout (black traces), in the presence of either DHA (C22), AA (C20) or ALA (C18) at 3 µM (upper panels, grey traces) or 10 µM (lower panels, grey traces) and after washout (recovery, blue). (B) Residual SV currents (*I* ~PUFA~/*I* ~control~) obtained by dividing the current in the presence of PUFA at the indicated concentration by the current in control conditions for DHA (*n*=7), AA (10), and ALA (10) at 3 µM and for DHA (4), AA (7), and ALA (10) at 10 µM. DHA and AA had a similar efficacy while ALA was less efficient both at 3 µM and 10 µM (*P* \<0.01). (This figure is available in colour at *JXB* online.)](exbotj_ers272_f0004){#F4}

###### 

Kinetics of SV currents in isolated vacuoles from carrot and Arabidopsis. Activation and deactivation kinetics are quantified, respectively, with the time required for half activation (*t* ~half~) and the time constant of the exponential fit, τ.

                    *t* ~halfPUFA~/*t* ~halfcontrol~ ^*a*^   τ~PUFA~/τ~control~ ^*a*^   Number of vacuoles
  ----------------- ---------------------------------------- -------------------------- --------------------
  **Carrot**                                                                            
  DHA 3 µM          0.84±0.09                                0.42±0.07^\*\*^            7
  AA 3 µM           0.83±0.06^\*^                            0.44±0.07^\*\*^            10
  ALA 10 µM         1.07±0.05                                0.53±0.06^\*\*^            10
  LA 10 µM          0.76±0.07^\*^                            0.39±0.03^\*\*^            4
  OA 10 µM          0.67±0.07^\*^                            0.51±0.16                  4
  **Arabidopsis**                                                                       
  AA 10 µM          1.05±0.18                                0.27±0.08^\*\*^            6
  ALA 10 µM         1.34±0.09                                0.50±0.06                  2 (4)

^*a*^ Asterisks (\*) and (\*\*) indicate, respectively, significant and highly significant statistical difference (*t* test). Data with ALA 10 µM in Arabidopsis were not tested for statistical significance; the number in parenthesis indicates the number of repetitions.

The number of double bonds in the acyl tail of PUFAs affects the tail flexibility and therefore may affect the insertion of the PUFA in the membrane and its motility. Therefore, the effect of PUFAs with the same number of carbons, but with a variable number of double bonds ([Fig. 5A](#F5){ref-type="fig"}, [5B](#F5){ref-type="fig"}) was investigated in isolated vacuoles of carrot roots: linolenic acid, ALA (C18:3) with three double bonds, linoleic acid LA (C18:2) with two double bonds, and oleic acid OA (C18:1) with a single double bond. Since stearic acid (C18:0) was not soluble in our conditions, other saturated PUFAs with shorter (palmitic acid, PA, 16 carbons) and longer chain lengths (arachidic acid, ARA, 20 carbons) were tested. [Figure 5A](#F5){ref-type="fig"} shows the current traces in the control and in the presence of 100 µM of different PUFAs, except for ARA which was used at 10 µM due to its limited solubility in our experimental conditions. However, it is worth comparing ARA with AA at 10 µM (see [Fig. 4](#F4){ref-type="fig"} which has the same number of carbons at the tail but four double bonds). The efficacy of ALA, LA, and OA is very similar at 10 µM and 30 µM as summarized in the histogram in [Fig. 5B](#F5){ref-type="fig"}. OA at 100 µM is less effective than ALA and LA (*P* \<0.01), while the saturated PUFAs, PA and ARA, did not change the current significantly. Our data suggest that the bending of the hydrophobic chain of the fatty acids, that requires at least a double bond (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1) at *JXB* online), is important for PUFA's inhibition of TPC channel.

![Modulation of Slow Vacuolar current depends on the degree of fatty acid saturation. (A) SV currents recorded at +80 mV in control conditions (black traces), in the presence of either ALA (3 double bonds), LA (2 double bonds), OA (1 double bond), PA (no double bond), and ARA (no double bond) at 100 µM, except ARA at 10 µM (grey traces). (B) Residual SV currents at +80 mV normalized to control (*I* ~PUFA~/*I* ~control~) for 10, 30, and 100 µM ALA (*n*=10, 3, and 4 different vacuoles), LA (*n*=4, 4, 3), and OA (*n*=4, 4, 3). PA (*n*=3) and ARA (*n*=4) were little or not effective, respectively, at 100 µM and 10 µM. The efficacy of ALA, LA, and OA was not significantly different at 10 µM and 30 µM, while OA at 100 µM was less effective than ALA and LA (*P* \<0.01). (C) Time-course of the inhibition and recovery induced by 30 µM ALA (filled circles, *n*=3) and OA (filled squares, *n*=3). The average maximum and minimum values of the stationary currents recorded at +80 mV in the absence and in the presence of PUFAs were set to 1 and 0, respectively, and the other values scaled accordingly.](exbotj_ers272_f0005){#F5}

[Figure 5C](#F5){ref-type="fig"} shows the time-course of the stationary current recorded at +80 mV upon application and removal of ALA and OA at 30 µM; maximal and minimal currents obtained, respectively, in the absence and in the presence of PUFAs were set to 1 and 0, respectively, and the other values were scaled accordingly. ALA at 30 µM inhibited the SV current in about 20 s, comparable with the time necessary to exchange the solution, while in identical working conditions, a longer time was required for the inhibition of OA and for recovery. Since OA is supposed to partition in the membrane phase with high efficiency ([@CIT0041]), we can speculate that this result is in line with a direct interaction between PUFAs and the channel (see Discussion).

In [Fig. 6](#F6){ref-type="fig"}, the role of the negative charge present at the polar head of the PUFAs was investigated. The SV current was challenged with neutral methyl esters of the PUFAs. [Figure 6A](#F6){ref-type="fig"} shows that both Me-ALA and Me-DHA were, respectively, ineffective or slightly effective (*P* \<0.01) in inhibiting the SV current at a concentration of 100 µM, while inhibition was complete when ALA was applied at the same concentration and DHA at 10 µM ([Fig. 4A](#F4){ref-type="fig"}). Thus the negative charge of the polar head of the PUFAs is an essential structural characteristic for the modulation of SV current.

![Modulation of Slow Vacuolar current depends on the polar head of the PUFA. (A) Macroscopic SV currents elicited by a voltage step of +80 mV in control conditions (black traces) and in the presence of either ALA, Me-ALA, or Me-DHA at 100 µM (grey traces). (B) Residual SV currents at +80 mV normalized to controls (*I* ~PUFA~/*I* ~control~) for ALA (*n*=4), Me-ALA (*n*=3), and Me-DHA (*n*=3) at 100 µM. Me-ALA and Me-DHA were, respectively, ineffective or only slightly effective (*P* \<0.01).](exbotj_ers272_f0006){#F6}

Modelling the PUFA effect {#s9}
-------------------------

We propose a very simple model that can predict all our experimental findings. The kinetic scheme is the following: scheme 1

![](exbotj_ers272_e0001)

According to this model the channel can be in three states: *C* ~0~ and *C* ~1~ are the closed states and *O* is the conductive open state. The first step from *C* ~0~ and *C* ~1~ is voltage dependent and represents the movement of the four voltage sensors S4 due to the application of an electric field. For the sake of simplicity, the transition of the four S4 are grouped in a single step in which the rate constants α and β are voltage dependent. The step from *C* ~1~ to *O* leading to the opening of the channel is assumed to be voltage-independent, therefore *k* ~O~ and *k* ~C~ are voltage-independent rate constants ([@CIT0036]; [@CIT0009]). It is worth noting that only *k* ~C~, leading the channel from the open state *O* to the closed state *C* ~1~, is PUFA-dependent. The analytical resolution of the model is given in the Appendix of the Supplementary data at *JX*B online. The simulation of the experimental data by the model is presented in [Fig. 7](#F7){ref-type="fig"}.

![The three state model: simulation of the PUFA effect and comparison with experimental results. (A) Open probability and (B) time constants of relaxations of the SV channels in the absence (open circles) and in the presence of 1 µM (closed circles) and 3 µM (closed triangles) AA versus applied potential. The continuous lines were obtained, respectively, using equations A.4 and A.14 (see the Appendix in the Supplementary data at *JXB* online for details). Dashed lines correspond to *k* ~C~=7. (C) In the inset, the stationary open probability at +90 mV was obtained by equation A.4 versus AA concentration (see the Appendix in the Supplementary data at *JXB* online for details). The continuous line is the fit of the data points with the Hill equation: *K*/(1+(\[AA\]/*K* ~h~)^n^), where *K* is a normalization factor. This operation was repeated for all voltages from +20 to +120 mV at a step of +0.5 mV. The average Hill coefficient *n* was 1.6±0.2. In the main panel, *K* ~h~ values were plotted versus the applied membrane voltage (black line) and overlapped to the same data points of [Fig. 1C](#F1){ref-type="fig"}. (D) Overlapping between experimental and theoretical currents in the absence and presence of 3 µM AA. The imposed voltage protocol is shown in the upper part of the figure. The theoretical currents were obtained by equation A.16 (see the Appendix in the Supplementary data at *JXB* online for details). (This figure is available in colour at *JXB* online.)](exbotj_ers272_f0007){#F7}

Both stationary data of [Fig. 7A](#F7){ref-type="fig"} and the relaxation time constants of [Fig. 7B](#F7){ref-type="fig"} are adequately described by the model as shown by the satisfactory overlap of the continuous theoretical lines and the experimental data points (for details see the Appendix section 'Simulation of the model' in the Supplementary data at *JXB* online). The model has six independent parameters; however, the variation of only *k* ~C~, is sufficient to predict both stationary and transient data in the presence of PUFA. An increase of *k* ~C~ generates the traces in the presence of increasing concentrations of AA; by contrast, the dotted traces in [Fig. 7A](#F7){ref-type="fig"} and [7B](#F7){ref-type="fig"} are obtained with decreasing *k* ~C~ up to 7 s^--1^ that provides a Boltzmann curve with a voltage of half activation of --20 mV and a maximum open probability near 1. Therefore, our model shows a shift of the voltage-dependency of the SV channel toward physiological voltages upon reduction of *k* ~C~. To analyse the dose dependence of PUFA inhibition theoretical *P* ~O~ versus AA concentration at a fixed voltage was plotted, as shown in the inset of [Fig. 7C](#F7){ref-type="fig"} (*V*= +90 mV). Data were fitted by the Hill equation; the continuous line in the inset and *K* ~h~ values were plotted against the potential as shown by the continuous line of [Fig. 7C](#F7){ref-type="fig"}; points in the same figure represent *K* ~h~ obtained from experimental data (already plotted in [Fig. 1C](#F1){ref-type="fig"}). In agreement with experimental findings, *K* ~h~ derived by the model does not show a pronounced voltage dependence reflecting the fact that the binding of PUFAs with the channel is actually voltage independent. In [Fig. 7D](#F7){ref-type="fig"}, experimental traces in the absence (grey traces) and in the presence of 3 µM AA (red traces) were well reproduced by our model (black traces); small differences in activation between data and theory were due to the simplifying hypothesis of a single voltage dependent step. In the deactivation process, the agreement was very good as shown by the inset. There is a need to emphasize that the simulation of the experimental data in the presence of AA was obtained with the same parameters used to reproduce control data, except *k* ~c~, the voltage-independent rate of deactivation.

Discussion {#s10}
==========

How do PUFAs interact with the TPC channels? PUFAs have the ability to form micelles that, by fusing with the lipid bilayer, can affect cell membrane organization and alter channel function. However, the concentration range used in this study is low enough to exclude this possibility ([@CIT0024]; [@CIT0010]), hence fatty acids should act as monomers. The following lines of evidence suggest that the interaction between PUFA and the channel is direct and not mediated by a modification on the vacuolar membrane due to PUFA incorporation. PUFAs are known to increase membrane fluidity ([@CIT0002]), however, in this case, a similar effect should be obtained by the application of the methyl-ester forms of PUFAs, which in our case were either ineffective (Me-ALA, [Fig. 6](#F6){ref-type="fig"}) or only slightly effective (Me-DHA, [Fig. 6](#F6){ref-type="fig"}). In addition, the time-course of application of OA was slower compared with the other PUFAs even though the partition coefficient of OA in the membrane phase is comparable ([@CIT0002]; [@CIT0041]), again in contrast with an effect of PUFA on membrane fluidity. PUFAs are known to modify the membrane curvature, but in this case the effect of DHA is expected to be greater than the effect of AA, as shown for TRAAK channels ([@CIT0028]). On the contrary, our data show that the inhibition of SV by PUFAs is maximal when the channel is exposed to AA ([Fig. 4](#F4){ref-type="fig"}). Indeed, the finding of an optimal length of the acyl chain/number of double bonds of the PUFA is clearly not indicative of an unspecific change of the membrane properties.

Another well-known effect of PUFAs on biological membranes is the screening of surface charges ([@CIT0010]) resulting in a shift of the voltage-dependence of the channel. However, charge screening cannot induce a reduction of the maximal open probability, which was observed in our data. The kinetic properties of the channel are also in contrast with that mechanism: a faster time-course of deactivation at negative voltages would correspond to a slower time-course of channel activation at positive voltages. Nevertheless, the charge of the PUFA head seems to play an important role in channel inhibition, since neutralization largely reduced or eliminated the inhibitory effect. As suggested by the voltage-independent apparent binding constant of PUFA, we can hypothesize that the interaction between the PUFA head and the channel is very likely of electrostatic nature, but located outside the electric field. The hydrophobic moiety appears to be an important factor for the PUFAs' efficacy. The higher the number of cis double bonds in the PUFA, the more hooked will be its conformation. Notably, the bending of the hydrophobic tail correlates well with the inhibitory power, with the curved ones being the most potent (see [Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1) at *JXB* online). This observation suggests that the interaction between the PUFA and the channel and the efficacy of the inhibition depend on the specific geometry of the PUFA.

An important finding of our work is that free PUFAs can interact with and modulate the activity of TPC1. In the present study, it was found that the most effective PUFA in inhibiting the SV current is arachidonic acid, effective at low micromolar concentrations, in the physiological range reported for animal cells ([@CIT0025], [@CIT0026]). Although plant do not synthesize this fatty acid ([@CIT0042]), it has been shown that some pathogens, such as *Phytophthora infestans*, harbour arachidonic acid in their membranes and that this molecule is an elicitor of plant defence responses ([@CIT0043]). However, it is unlikely that an elicitor of the pathogen defence response acts directly on a vacuolar ion channel.

One of the most important endogenous PUFAs is alpha-linolenic acid (ALA) which, in our experiments, was found to inhibit the SV/TPC1 currents when applied in the micromolar range ([Fig. 4](#F4){ref-type="fig"}). ALA is the most abundant fatty acid in leaves and mostly present in esterified glycerolipid form ([@CIT0012]). From data in the literature (see [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1) at *JXB* online), a basal ALA concentration can be estimated of about 1 µM increasing up to 10 µM during physiological processes such as pathogen elicitation and wounding. According to our data, such an increase in ALA concentration should significantly inhibit the activity of the TPC1 channel, therefore making it unlikely that the channel plays an active role in the plant response to these kinds of stresses. In agreement with this hypothesis, experiments performed in tpc1-2 knock-out plants showed no significant involvement of TPC1 in the jasmonate pathway ([@CIT0008]).

In conclusion, it is shown that the activity of the SV/TPC1 channel is strongly affected by polyunsaturated fatty acids in vacuoles of carrot roots and in *Arabidopsis thaliana*. Since the modulation of membrane proteins by lipids is a poorly explored topic in plants we think that our data open new perspectives in the field of ion channels and lipid-mediated interaction in plants.

Supplementary data {#s11}
==================

Supplementary data can be found at JXB online.

[Supplementary Fig. 1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1). List of fatty acids used in this study.

[Supplementary Fig. 2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1). Three-dimensional conformation of the different fatty acids used in the experiments.

[Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers272/-/DC1). Free fatty acids(FFA) in different plant preparations in control conditions and after different treatments.
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